Erythrocyte-binding-like (EBL) proteins are known to play an important role in malaria parasite invasion of red blood cells (RBCs); however, any roles of EBL proteins in regulating host immune responses remain unknown. Here, we show that Plasmodium yoelii EBL (PyEBL) can shape disease severity by modulating the surface structure of infected RBCs (iRBCs) and host immune responses. We identified an amino acid substitution (a change of C to Y at position 741 [C741Y]) in the protein trafficking domain of PyEBL between isogenic P. yoellii nigeriensis strain N67 and N67C parasites that produce different disease phenotypes in C57BL/6 mice. Exchanges of the C741Y alleles altered parasite growth and host survival accordingly. The C741Y substitution also changed protein processing and trafficking in merozoites and in the cytoplasm of iRBCs, reduced PyEBL binding to band 3, increased phosphatidylserine (PS) surface exposure, and elevated the osmotic fragility of iRBCs, but it did not affect invasion of RBCs in vitro. The modified iRBC surface triggered PS-CD36-mediated phagocytosis of iRBCs, host type I interferon (IFN-I) signaling, and T cell differentiation, leading to improved host survival. This study reveals a previously unknown role of PyEBL in regulating host-pathogen interaction and innate immune responses, which may be explored for developing disease control strategies. IMPORTANCE Malaria is a deadly parasitic disease that continues to afflict hundreds of millions of people every year. Infections with malaria parasites can be asymptomatic, with mild symptoms, or fatal, depending on a delicate balance of host immune responses. Malaria parasites enter host red blood cells (RBCs) through interactions between parasite ligands and host receptors, such as erythrocyte-binding-like (EBL) proteins and host Duffy antigen receptor for chemokines (DARC). Plasmodium yoelii EBL (PyEBL) is known to play a role in parasite invasion of RBCs. Here, we show that PyEBL also affects disease severity through modulation of host immune responses,
particularly type I interferon (IFN-I) signaling. This discovery assigns a new function to PyEBL and provides a mechanism for developing disease control strategies. KEYWORDS Plasmodium, mouse, erythrocyte-binding-like, EBL, interferon, pathogenhost interaction, phagocytosis E rythrocyte-binding-like (EBL) proteins are a family of type I transmembrane proteins that localize to micronemes of a malaria merozoite and, following microneme discharge, play a crucial role during the invasion of red blood cells (RBCs) (1) . An EBL protein generally has an N-terminal cysteine (Cys)-rich binding domain (region 2) and a C-terminal Cys-rich trafficking domain (C-Cys domain or region 6), along with a signal sequence and a transmembrane domain (1, 2) . The N-terminal Cys-rich region consists of one or two Duffy-binding-like (DBL) domains that bind host proteins like the Duffy antigen receptor for chemokines (DARC) or glycophorin A on the erythrocyte surface during invasion of RBCs (3, 4) . The C-terminal C-Cys domain directs the protein for microneme trafficking (5, 6) . Plasmodium yoelii has one EBL gene (Pyebl), encoding a protein (PyEBL) with a single DBL domain (1) . A cysteine-to-arginine substitution at residue 713 (C713R) in the PyEBL C-Cys domain has been linked to parasite growth and virulence in vivo in the 17X lineage (7, 8) . The parasite line 17XL (or YM) has the R713 variant C-Cys domain, grows fast, and kills its host by day 7, whereas the 17X (17XNL) line has the C713 variant, grows slowly, and is cured by the host (7, 8) . The 17X, 17XL, 17XNL, and YM lines are isogenic parasites derived from a parasite isolated from a thicket rat (9) . In addition, EBL protein with C713 is localized in merozoite micronemes, whereas the R713 protein is mostly mistargeted to dense granules (DGs). Although these results suggest that PyEBL has a direct role in parasite invasion and virulence, it is difficult to explain the observation that abnormal localization of the variant PyEBL can greatly improve the parasite growth rate. Recently, PyEBL was found to be translocated to the merozoite surface as a confined patch in both the 17XL and 17XNL lines of P. yoelii (10) , which may help maintain normal invasion of RBCs but cannot explain the enhanced growth rate of 17XL. The activation of other genes playing a role in invasion, such as those encoding Py235 rhoptry proteins, may help explain these paradoxical observations (8, 11, 12) . Reticulocyte-binding-like (RBL) proteins (including Py235) can function cooperatively in the malaria parasite's invasion of human erythrocytes (13) , and disruption of a Py235 gene affects parasite binding to RBCs (14) . Another potential explanation for increased in vivo parasite growth after the C713R substitution is modulation of host immune responses that may differentially inhibit the growth of the parasites. In immunocompromised mice, the nonlethal, slowly growing 17XNL parasite grew fast and became lethal (15, 16) , suggesting that host immunity plays a role in restricting parasite growth and virulence.
We previously performed genetic crosses between Plasmodium yoelii nigeriensis strain N67 and 17XNL parasites and found a significant linkage of a growth-related virulence phenotype to genetic loci on chromosomes 7, 10, and 13 (17) . The chromosome 13 locus contains the gene encoding PyEBL, in which a Cys-to-Tyr substitution at residue 741 (C741Y) in the C-Cys domain was implicated in the differences of virulence between N67 and P. yoellii nigeriensis strain N67C parasite lines. N67C was originally named 33X(Pr3) and was deposited in MR4 under that name (MRA-754) by David Walliker, University of Edinburgh. Genotyping of 33X(Pr3), 33X, YM, 17XNL, and N67 parasite lines with microsatellites suggested that the 33X(Pr3) and N67 strains were closely related; therefore, 33X(Pr3) was renamed N67C (17) . In contrast, 33X is genetically different from 33X(Pr3), N67, YM, and 17XL (17) . In C57BL/6 mice, infection with N67C resulted in 40 to 50% parasitemia and host death on day 7 postinfection (p.i.), whereas mice infected with N67 suppressed the parasitemia to under 5% on day 7 p.i. (18) . The suppression of N67 parasitemia was associated with N67 parasite stimulation of a strong early type I interferon (IFN-I) response (19) . We hypothesize that parasites with the C741Y substitution trigger a unique immune response that in turn affects parasite growth.
In this study, we exchanged the C741 and Y741 alleles of PyEBL between N67 and N67C parasites and showed that allelic replacements altered parasite growth and virulence and host immune responses but not invasion of RBCs. Our study also reveals a previously unknown mechanism of host-parasite interaction mediated by PyEBL, showing increased phosphatidylserine (PS) exposure on infected RBCs (iRBCs), altered osmotic fragility, enhanced phagocytosis of iRBCs, an elevated IFN-I response, and improved parasitemia control after the C741Y substitution. This study demonstrates that a single amino acid substitution in a pathogen genome can result in major alterations in the host-parasite interface, with significant consequences for host viability, and provides a paradigm shift in our understanding of the roles of PyEBL in host-pathogen interaction during malarial-parasite infection.
RESULTS
Allelic exchange of C741Y alters parasite growth and disease severity in vivo. To confirm functionally that the C741Y substitution plays a key role in control of parasitemia and parasite virulence, we constructed two linear DNA fragments to replace C741 with Y741 in N67C (N67C C-Y ) parasites and Y741 with C741 in N67 (N67 Y-C ) parasites ( Fig. S1A and B in the supplemental material). We also constructed synonymous controls, replacing C741 with C741 in N67C (N67C C-C ) parasites and Y741 with Y741 in N67 (N67 Y-Y ) parasites. Integration and replacement of the amino acids at the genetic level were confirmed by PCR amplification ( Fig. S1C and D) and DNA sequencing ( Fig. S1E ). After several rounds of transfection and cloning, we obtained 3 to 10 clones for each allelic replacement (Table S1 ).
The allele-exchanged and the parental N67 and N67C lines (1 ϫ 10 6 parasites) were injected into 5 mice per group to evaluate parasitemia, host body weight, and mortality. Infection with N67C C-Y produced parasitemia curves, body weights, and survival rates similar to those of N67, whereas the phenotype of N67 Y-C parasite infection was similar to that of N67C ( Fig. 1A to C and Table S1 ). Synonymous substitution (N67 Y-Y and N67C C-C ) had no effect on parasite growth, body weight, or survival rate. Compared with mice infected with parasites carrying the C741 allele (N67C, N67 Y-C , and N67C C-C ), those infected with parasites carrying the Y741 allele (N67, N67 Y-Y , and N67C C-Y ) had significantly higher body weight (15.2 Ϯ 0.3 g versus 13.5 Ϯ 0.3 g [mean Ϯ standard deviation]; P Ͻ 0.001; Mann Whitney test), lower parasitemia on day 7 p.i. (15.6% Ϯ 2.5% versus 35.0% Ϯ 1.1%; P Ͻ 0.001), and longer survival (Ͼ14 days versus 7 days), suggesting that the C741Y substitution indeed had a major impact on parasite growth and disease severity from day 5 onwards ( Fig. 1A to C and Table S1 ).
The C741Y substitution does not affect parasite invasion of RBCs in vitro. To investigate whether the C741Y substitution affects parasite invasion of RBCs without the influence of host immunity, we used an in vitro invasion assay (20) and counted iRBCs 18 h after the addition of purified merozoites to RBCs (Fig. 1D ). Similar invasion rates were observed for N67 and N67C ( Fig. 1E) , with the majority of the parasites being ring stage 18 h after the addition of merozoites ( Fig. 1F ). We also counted parasitemia at different time points, As expected, no significant difference in parasitemia levels was observed between the N67 and N67C cultures at 18 h, 24 h, and 40 h ( Fig. 1G ), because P. yoelii parasites cannot automatically release merozoites for reinvasion under the current culture conditions. A significant difference was observed at 48 h postinvasion; however, the difference in parasitemia levels was likely due to faster parasite loss for N67C, because parasitemia decreased over time. The percentages of schizonts also increased over time ( Fig. 1H ), suggesting normal growth of parasites once they were within RBCs. These results demonstrate that the C741Y substitution does not significantly change RBC invasion in vitro, which is consistent with the observations of similar in vivo parasitemia levels for C741 and Y741 parasites before day 5 p.i. (Fig. 1A) . Therefore, the differences in parasitemia levels after day 5 p.i. and in disease phenotype are not due to a change in RBC invasion efficiency resulting from the C741Y substitution. Differential host immune responses caused by the C741Y substitution may play a role in the altered in vivo parasite growth and host survival rate.
C741Y substitution alters PyEBL protein trafficking in merozoites and iRBCs.
The C741Y substitution is located in the trafficking C-Cys domain ( Fig. S1A) (6, 8) , which may affect PyEBL protein localization. To investigate PyEBL protein expression and localization, we performed an immunofluorescence assay (IFA) using anti-EBL antibodies (8, 10) and examined protein localization under a confocal microscope. The C741 PyEBL was expressed as a focused dot in merozoites ( Fig. 2A and B ), consistent with an apical location, whereas Y741 PyEBL was diffuse, with more than one dot ( Fig. 2C and D). C741Y allelic replacement (N67C C-Y ) ( Fig. 2E ) converted the single-dot expression pattern to one similar to that of N67 ( Fig. 2C) ; however, the Y741C replacement in N67 (N67 Y-C ) ( Fig. 2F ) did not completely change the pattern to the single dots typically seen in N67C ( Fig. 2A ). These results suggest apical and DG localization for parasites with the Y741 allele, similar to those observed with P. yoelii 17XL with the C713R substitution in the C-Cys domain (8) . Thus, the C741Y substitution changes PyEBL trafficking in the merozoite. We also found that PyEBL may be expressed in the cytoplasm of iRBCs ( Fig. 2G to L) regardless of the amino acid at 741, although we cannot rule out nonspecific staining of other parasite proteins by the polyclonal antibodies.
To confirm the specificity of the anti-PyEBL antibodies and PyEBL expression in ringand trophozoite-infected RBCs, we tagged PyEBL in N67 and N67C parasites with a hemagglutinin (HA)-Flag tag (HA::Flag) using a clustered regularly interspaced short palindromic repeat (CRISPR)-CRISPR-associated protein 9 (Cas9) method ( Fig. S2A) (21) . After transfection and drug selection, chromosomal integration of the sequence was confirmed using PCR ( Fig. S2B and C) . The high specificity of the anti-HA monoclonal antibody (3724; Cell Signaling) allowed detection of differential PyEBL expression in N67-and N67C-infected RBCs. Whereas an HA signal could be easily detected in The C741Y substitution affects PyEBL processing and host band 3 distribution. We used SDS-PAGE and Western blotting to investigate the expression and potential proteolytic processing of PyEBL. Anti-PyEBL polyclonal antibodies detected multiple bands of ϳ75 to 100 kDa, including one that was smaller in N67C parasite extracts ( Fig. 3A , middle band indicated by red arrow), suggesting differential protein processing. Extracts from N67 and N67C C-Y parasites had the same band patterns, but the middle band in N67 Y-C lysates was the same size as that of N67 lysates (did not change). The upper band disappeared from all lysates when the parasites were cultured overnight at 37°C ( Fig. 3B ), suggesting further processing. Interestingly, the N67 Y-C lysate had doublet bands, with the top band the same size as that in N67 and the lower band similar to that of the N67C parasite ( Fig. 3B , red arrow), which is consistent with the incompletely changed cellular phenotypes. We also used anti-HA antibody to detect HA-tagged PyEBL in N67 and N67C parasite lysates and showed a band that was slightly larger in N67 than in N67C lysates ( Fig. 3C ). To confirm the presence of the protein in iRBCs, we lysed iRBCs of all parasite stages with saponin (0.1%) and prepared supernatants and pellets after centrifugation (1,455 ϫ g at 4°C for 10 min). We then performed immunoprecipitation (IP) using anti-HA antibody to pull down HA-tagged PyEBL from the supernatants and solubilized pellets, respectively. PyEBL-HA was detected by anti-HA antibody from both supernatant and pellet fractions of both N67 and N67C iRBCs (Fig. 3D ). The pulldown of PyEBL from the supernatants of iRBCs supports the observation by fluorescence microscopy of cytoplasmic/cytosolic expression of PyEBL Modulates Host Immune Response ® PyEBL. Although the Western blot analysis was not quantitative due to the lack of an appropriate protein loading marker, it is worth pointing out that the band in the supernatant fraction of N67C iRBCs was the weakest among the four samples. After quantitation, the ratio of the scanned protein band signal from the pellet to that of the supernatant fraction was 4.9 for N67C iRBCs and 1.4 for N67 iRBCs, suggesting more cytosolic or reduced membrane-bound PyEBL in N67 than in N67C iRBCs. The lower supernatant/pellet ratio for N67C iRCs is consistent with the weak staining of PyEBL in the N67C iRBC cytoplasm by IFA. In addition to a weak smear of higher-molecular-mass protein, the band in the N67 supernatant appeared to be slightly larger than that of the N67 pellet, suggesting protein modification and/or binding to other proteins ( Fig. 3D ). These results show that the C741Y substitution affects PyEBL protein processing and increases its cytosolic localization in N67 iRBCs.
To investigate potential PyEBL-host protein interactions, we first used Western blotting with anti-band 3 antibody to investigate whether band 3 was coprecipitated by anti-HA antibody. A major band 3 band was detected in the precipitates from supernatants, whereas three bands were detected in those of pellets, with the major band slightly smaller than that from supernatants (Fig. 3E ). The middle band (and the band in supernatants) may have resulted from modifications like phosphorylation of the lower band, and the ϳ200-kDa band could be a dimer. Band 3 distribution in the supernatant and pellet precipitates was different between N67 and N67C parasites: the relative band 3 intensities (ratios) of pellet over supernatant were 5.52 for N67C iRBCs and 1.48 for N67 iRBCs, suggesting an increased cytosolic band 3 (or reduced membrane-bound form) in N67 iRBCs. If we consider the anti-HA signal to be a loading control (the same amounts of samples loaded) and divide the band 3 signal by the corresponding anti-HA signal, we obtain ratios of 3.1 for the N67C/N67 supernatant fraction and 3.3 for the N67C/N67 pellet fraction, i.e., approximately 3-fold reduced binding of N67 PyEBL to band 3.
Tyrosine phosphorylation of band 3, band 4.2, catalase, and actin has been reported in P. falciparum iRBCs, and tyrosine phosphorylation of band 3 can trigger its dissociation from the spectrin/actin skeleton (22, 23) . We found that an anti-phospho-tyrosine antibody detected multiple protein bands, including a band of the size expected for band 3 (arrow), pulled down from the supernatant but not from the pellet fraction ( Fig. 3F ), consistent with band 3 dissociation from the spectrin complex after phosphorylation. The three bands with molecular masses lower than 70 kDa were likely tyrosine-phosphorylated TER119, because anti-TER119 antibody also identified three (Fig. 3G) . Therefore, the C741Y substitution alters the relative band 3 distribution, increasing phosphorylated cytosolic band 3 (and possibly TER119) and reducing membrane-bound band 3 on iRBCs, which may affect cell membrane physiology. In summary, the C741Y substitution increases the relative amounts of cytosolic PyEBL and phosphorylated band 3 and reduces PyEBL-band 3 binding by approximately 3-fold, which may alter the membrane structure and physiology of iRBCs.
The C741Y substitution increases iRBC osmotic fragility. We next performed osmotic lysis experiments to evaluate the fragility of the iRBC membrane at different NaCl concentrations. Enriched schizonts were treated with different NaCl concentrations (0 to 1.0% [wt/vol]) and centrifuged immediately to pellet intact cells. The hemoglobin released into the supernatant was measured by absorbance at 540 nm. Both N67-and N67C-infected RBCs were lysed by NaCl concentrations significantly higher (Tukey's range test, P Ͻ 0.05) than those required for uninfected RBCs (uRBCs), at NaCl concentrations ranging from 0.4% to 0.7% (Fig. 4A ). iRBCs with N67 schizonts were also more fragile than those with N67C schizonts (the N67 curve is above the N67C curve), with significant differences in cell lysis at between 0.5% and 0.6% NaCl. We repeated the experiments focusing on salt concentrations between 0.5% and 0.7%. N67 schizont-infected cells were again significantly more sensitive to lysis than those containing N67C schizonts in the 0.5% to 0.7% salt concentration range (Fig. 4B) . Interestingly, iRBCs infected with the N67 Y-C parasite were significantly more resistant to lysis than those containing N67 parasites at higher salt concentrations (0.6% to 0.7%), whereas iRBCs containing N67 C-Y became significantly more sensitive to lysis than cells with N67C at lower salt concentrations (0.5% to 5.75%) ( Fig. 4C and D) . These results show that the C741Y substitution not only changes protein trafficking but also affects the membrane structure and osmotic fragility of iRBCs. Loss of red cell membrane integrity, such as the redistribution of membrane proteins and phospholipids (see below), could contribute to the differential hemolysis of RBCs (24, 25) . These changes to iRBCs may also influence host cell recognition of iRBCs, the immune response, and disease pathology.
The C741Y substitution changes host spleen pathology and production of cytokines/chemokines. We next investigated pathological changes in the spleen and lung due to parasite infection. Hematoxylin and eosin (H&E) staining of spleens infected with N67, N67C, N67 Y-C , and N67C C-Y revealed splenomegaly in N67-infected mice and massive cell loss in N67C-infected mice at day 4 p.i. compared with the spleens of uninfected mice (Fig. 5A to F) . Interestingly, the C741Y replacement (N67C C-Y ) reduced the degree of cell loss and led to the splenomegaly that was associated with N67 (Y741) infection, although some small white spaces with parasite pigment were still evident at day 4 p.i. (Fig. 5G and H) . Conversely, Y741C replacement (N67 Y-C ) increased cell loss compared with that in spleens of mice infected with N67 but without reduction in spleen size ( Fig. 5I and J) . Additionally, more Ly6G ϩ cells (monocytes, granulocytes, and PyEBL Modulates Host Immune Response ® neutrophils) were detected in the spleens and lungs of mice infected with Y741 parasites than in those of mice infected with C741 parasites (Fig. S3A to Q and Table S1 ). These results show that the C741Y substitution affects host response and tissue pathology, although the reversal of phenotype following allelic exchange was not complete, which suggests contributions from other parasite genes.
We measured the serum levels of some cytokines/chemokines on day 4 p.i. and found that mice infected with N67C or N67C C-C had significantly higher levels of interleukin-6 (IL-6), gamma interferon (IFN-␥), and monokine induced by IFN-␥ (MIG) than those infected with N67 or N67C C-Y on day 4 p.i. (Fig. 5K to M) . The levels of IL-2, IFN-␥-induced protein 10 (IP-10), and basic fibroblast growth factor (FGF-basic) were also higher in mice infected with parasites carrying the C741 allele than in those carrying the Y741 allele, although not all the comparisons were significant ( Fig. 5N to P). These data suggest stronger inflammatory responses in mice infected with parasites carrying the C741 allele than in those carrying the Y741 allele at day 4 p.i., resulting in early cell and host death. Together, the similar early in vivo parasitemias and in vitro invasion rates, differential levels of protein expression in iRBCs, altered spleen pathology, changes in serum levels of cytokines/chemokines, and longer host survival rates suggest that the C741Y substitution in PyEBL mainly affects host immune responses, not RBC invasion, that in turn shape parasite growth and host pathology and survival.
Y741 linked to elevated IFN-I response, isotype switching, and T-helper cell differentiation. To systematically investigate the molecular mechanisms underlying the differential immune responses and disease phenotypes caused by parasites with either C741 or Y741 variants, we performed transcriptome sequencing (RNA-seq) (Table S2A ). We then performed GO term enrichment analysis on the lists of genes differentially expressed between the two parasite groups using Gene Ontology (GO) tools (http://go.princeton.edu). Parasites having the Y741 PyEBL stimulated stronger immune responses (false discovery rate [FDR], q Ͻ 0.01), particularly in IFN-I (retinoic acid-inducible gene I [RIG-I]/melanoma differentiation-associated gene 5 [MDR5] and Toll-like receptor [TLR]) signaling pathways, T-helper cell differentiation, and IgG isotype switching, than parasites with the C741 variant ( Fig. 6A ; Table S2B and Fig. S3P and Q), which may explain the better control of parasitemia and better host survival for infections with Y741 parasites. Some of the genes playing a role in these pathways include Ercc1 in DNA repair and recombination, Xcl1, Prkcz, and Rsad2 in positive regulation of Th2 cell cytokine production, and Lcn2, Isg20, Oasl1, Oas2, Oasl2, Clenc4n, Mx2, Tlr2, Tlr5, Tlr12, Ifit1, etc., in innate and IFN-I responses. We also performed upstream regulator analysis on genes differentially expressed in mice infected with PyEBL Modulates Host Immune Response ® parasites carrying C741 or Y741 variants using Ingenuity Pathway Analysis (IPA; Qiagen, Inc.). Comparison of the differentially expressed genes from mice infected with N67C C-Y and N67C showed significantly higher scores for upstream regulator activation of elements in the IFN-I signaling pathway, such as IFN regulatory factor 3 (IRF3), IRF7, STAT1, STAT2, TLR3, TLR9, IFNB1 (IFN-␤1), mitochondrial antiviral signaling protein (MAVS), DDX58 (RIG-I), and cyclic GMP-AMP synthase (cGAS) in mice infected with N67C C-Y parasites (Table S3A ). These results are consistent with the outcome of the GO term analysis, showing activation of IFN-I responses in mice infected with Y741 parasites.
We compared the transcription levels of stat1 and stat2 genes that are critical in interferon production and found higher mRNA levels for both genes in the spleens of mice infected with parasites carrying Y741 than in spleens of mice infected with parasites carrying C741 (Fig. 6B) . Consistently, higher levels of STAT2 phosphorylation (pSTAT2) were detected in bone marrow-derived macrophages (BMDMs) 30 min to 1 h after incubation with iRBCs carrying Y741 parasites than after incubation with iRBCs carrying C741 parasites (Fig. 6C, arrows) , and high levels of pSTAT1 were detected in both Y741 and C741 groups after 1 to 2 h of incubation ( Fig. 6C ). Higher levels of pSTAT1, pSTAT2 and MDA5, but not stimulator of interferon genes (STING), MAVS, or TANK-binding kinase 1 (TBK1), were also detected in the spleens of mice infected with Y741 parasites on day 1 p.i. (Fig. 6D) . Except for pSTAT2 and STING, no differences were observed for any of the molecules at day 4 p.i. Additionally, serum IFN-␣ and IFN-␤ levels were significantly higher in mice infected with Y741 parasites following allelic replacement ( Fig. 6E  and F) . These data demonstrate that parasites carrying the Y741 variant induce a stronger early IFN-I response than those with C741.
The RNA-seq analysis also allowed simultaneous monitoring of parasite gene expression. Only 40 differentially expressed (up or down) genes were identified, including genes encoding Py235 (Table S3B and Text S1). However, indirect immunofluorescence assay (IFA) of specific Py235 protein expression revealed no differences in the levels or patterns of protein expression ( Fig. S4 and Text S1). The role of Py235 in the observed differences in parasite growth, host responses, and disease pathology requires further investigation.
Y741 iRBCs trigger strong PS-CD36-mediated phagocytosis. Because iRBCs lack intracellular pathogen-sensing machinery, recognition of parasite patterns like RNA/ DNA to induce IFN-I signaling or T cell activation likely requires digestion of iRBCs by antigen-presenting cells (26) . Phosphatidylserine (PS) exposure at the outer membrane leaflet of the RBC is one of the characteristics of eryptosis that can be triggered by various factors, including malaria infection (27) (28) (29) . Therefore, we analyzed the in vitro phagocytosis of RBCs infected with N67, N67C, and allele-exchanged parasites to evaluate both phagocytosis and PS exposure on iRBCs. Results from the assay using bone marrow-derived dendritic cells (BMDCs) showed that RBCs infected with Y741 parasites could stimulate significantly higher levels of phagocytosis than those infected with C741 parasites (Fig. 7A and B) . Similar results were obtained using BMDMs (Fig. 7C  and D) .
To investigate the mechanism that may contribute to the differential phagocytosis, we stained iRBCs with annexin V, which binds to PS on the cell surface, and showed that RBCs infected with Y741 parasites had significantly more annexin V binding than those infected with C741 parasites (Fig. 7E) . These results suggest that the C741Y substitution causes increased surface PS exposure on iRBCs, which triggers a strong phagocytic response. Many receptors on host cell surfaces can recognize target cell molecules; for example, CD36 is known to recognize oxidized patterns and PS on apoptotic cells (30, 31) , including PS exposed on Plasmodium falciparum-infected RBCs (29) . We next used antibodies against CD36, DARC (a putative receptor for PyEBL), and annexin V to block potential interactions between iRBCs and dendritic cells (DCs). Only anti-CD36 antibody could significantly inhibit phagocytosis in the presence or absence of anti-CD16/CD32 antibodies that block nonspecific Fc␥ receptor III (Fc␥RIII) and Fc␥RII binding to IgG (32) (Fig. 7F) . The results suggest that PS-CD36 interaction mediates phagocytosis of iRBCs and triggers a strong IFN-I response, which helps suppress the parasitemia after day 4 p.i. We also investigated the possibility of altered complement binding after the C741Y substitution. Anti-C3 antibody staining showed a significantly higher percentage of anti-C3 antibody binding to N67 schizont-infected RBCs than to N67C schizontinfected RBCs (Fig. 7G) . The result suggests that the C741Y substitution may change the susceptibility of iRBCs to complement pathways.
Our RNA-seq data indicate that the C741Y substitution affects the expression of selected genes playing a role in antibody isotype switch (Fig. 6A ). We next measured IgG and IgM levels in the blood of mice infected with N67 or N67C, respectively, using enzyme-linked immunosorbent assay (ELISA). No significant differences in IgG and IgM levels were observed, either in the levels of total or parasite-specific antibodies, between N67-and N67C-infected mice at day 6 p.i. (Fig. 7H and I) . The lack of any difference in antibody levels is likely due to blood collection at early infection, before the host can mount an effective IgG response. 
DISCUSSION
Previous studies on EBL proteins in malaria parasites have focused on their roles in RBC invasion (1, (33) (34) (35) . Our present study shows that PyEBL also modulates host recognition of iRBCs and immune responses through interaction with RBC membrane molecules, such as band 3 and PS, demonstrating a previously unrecognized mechanism of host-parasite interaction mediated by PyEBL (Fig. S5 in the supplemental material). We show that a single C741Y amino acid substitution in the C-Cys domain of PyEBL affects parasite growth and host survival, but not RBC invasion, through modification of the iRBC surface and host immunity. Mechanistically, the C741Y substitution alters the iRBC membrane by increasing the number of PS molecules on the surface and reducing membrane-bound band 3 after phosphorylation. iRBC membrane modifications increase membrane fragility and trigger phagocytosis mediated through the interaction of PS and CD36 (and potentially other molecules). Elevated levels of phagocytosis may release more parasite materials, such as DNA/RNA, to stimulate IFN-I production, which can modulate T cell responses and antibody production (36, 37) , resulting in reduced inflammation and a better host survival rate. This discovery adds a new function to PyEBL and places it with a group of Plasmodium molecules, such as Plasmodium falciparum erythrocyte membrane protein (PfEMP1), which also have DBL domains, encoded by the variant (var) genes that have been shown to modulate host immune response and pathogenesis (38) (39) (40) .
Neither of the PyEBL allelic exchanges (N67 Y-C and N67C C-Y ) completely changed the phenotypes of the IFA staining pattern in merozoites, spleen tissue pathology, serum IFN-I level after infection, phagocytosis, or osmotic lysis to the levels of those of wild-type parasites (N67 or N67C), suggesting that additional molecules contribute to these phenotypes. Although the replacement of Cys with Tyr in N67C (N67C C-Y ) completely changed the PyEBL Western blot band pattern to a match for that of N67, the Y-to-C replacement in N67 Y-C produced a partial change, with bands characteristic of both N67 and N67C present in the lysates from overnight-cultured schizonts (Fig. 3A) . This incomplete protein processing is consistent with the partial reversal of other phenotypes in the N67 Y-C parasite. The Western blot results also suggest that PyEBL is cleaved during parasite development from the ring/trophozoite to the schizont stage, at least in in vitro culture, because the top band disappears from samples of parasites cultured overnight. Additionally, the PyEBL is further cleaved to a smaller size more efficiently in N67C than in N67 parasites, which could contribute to the stronger binding to band 3 in the pulldown experiment. The ϳ78-kDa protein band may be a product of further PyEBL processing or another parasite protein cross-reacting with the rabbit anti-PyEBL polyclonal antibodies. Such cross-reactivity may generate nonspecific IFA staining and bring into question the cytoplasmic punctate staining in RBCs infected with ring/trophozoites. However, the similar staining of HA-tagged parasites by anti-HA antibody and the detection of PyEBL in the supernatants of saponin-lysed iRBCs confirm the presence of PyEBL in the cytoplasm of iRBCs.
Several lines of evidence suggest that the C741Y substitution changes iRBC cell surface molecule expression and/or composition: (i) increased osmotic fragility of Y741 iRBCs, likely due to changed expression and/or distribution of membrane transporters like band 3; (ii) elevated PS exposure on Y741 iRBCs, related to modification of the iRBC surface; and (iii) less efficient coprecipitation of band 3 by anti-HA antibody from membrane fractions of N67 iRBCs than from membrane fractions of N67C iRBCs, suggesting a differential interaction of PyEBL with band 3. A differential conformational change of band 3 in human erythrocytes after infection with two P. falciparum lines (FCR-3 and CS2), by an unknown mechanism, was reported previously (41) . P. falciparum infection can induce hemichrome formation, oxidative aggregation of band 3, membrane deposition of complement and antibodies, and phagocytosis of iRBCs (42) . Our observation of a PyEBL-band 3 interaction provides a possible explanation of the altered band 3 conformation. Band 3 was pulled down from both supernatants and pellets, suggesting that it is closely associated with PyEBL. However, although band 3 was coprecipitated by anti-HA antibody, PyEBL and band 3 may or may not interact directly. For example, band 3 and glycophorin A are components of the ankyrin complex (43) , and TER119 is another protein associated with glycophorin A (44) . Tyrosine phosphorylation of band 3 promotes its dissociation from the spectrin-actin skeleton (22) , and tyrosine phosphorylation of band 3 (as well as band 4.2, catalase, and actin) has been reported after P. falciparum infection (23) . It is possible that infection with Y741 parasites could change the phosphorylation of band 3 and other proteins and affect their presence on the iRBC membrane. Band 3 has also been reported to be a receptor for merozoite surface protein-1 and -9 (MSP1 and MSP 9) binding during P. falciparum invasion of erythrocytes (45, 46) . The target of PyEBL binding, the mechanism of how C741Y substitution changes iRBC membrane structure, and whether P. yoelii infections differentially affect band 3 phosphorylation remain to be elucidated.
IFA and confocal microscopy analyses showed diffused PyEBL expression in Y741 merozoites and a focused dot in C741 merozoites (mostly two dots in N67 Y-C , or partial reversal), similar to those observed in 17XL and 17XNL parasites (8) , suggesting that some Y741 PyEBL protein may traffic to dense granules (DGs) in merozoites. A recent study showed that PyEBL of the 17XL line is translocated to the merozoite surface after parasite egress from the iRBC, despite its intracellular localization to DGs (10) . Ring-infected erythrocyte surface antigen (RESA) is another DG protein that is translocated to the iRBC membrane, where it binds to spectrin (47, 48) . R713 or Y741 PyEBL can still be translocated to the merozoite surface for invasion of RBCs, and because the substitution is not in receptor binding domain II (R2), amino acid changes in the C-Cys domain should not significantly affect RBC invasion, as confirmed in our in vitro invasion assays. Interestingly, 17X (17XNL) iRBCs were shown to induce a spleen blood barrier of fibroblastic origin and to adhere to the fibroblastic cells more strongly than 17XL iRBCs, which could be a mechanism for escaping macrophage clearance (49) . These observations are consistent with our results showing that the parasites with C741 and Y741 have different surfaces, which may lead to differences in parasite binding to host cells, host immune responses, and spleen pathology.
A number of observations suggest that there is a higher IFN-I response in mice infected with Y741 parasites than in those infected with C741 parasites. The increased early STAT2 phosphorylation after incubation of Y741 iRBCs with BMDMs in vitro, the higher levels of MDA5 expression and phosphorylation of STAT1/STAT2 in the spleen, the elevated serum IFN-␣/␤ levels, and the activation of upstream regulators in IFN-I pathways after infection with Y741 parasites all support this suggestion. Elevated phagocytosis of Y741 iRBCs by DC cells and/or macrophages may release parasite RNA/DNA into the cell cytoplasm or into the circulation and stimulate IFN-I production through cGAS/STING, RIG-I/MDA5/MAVS, or TRIF-mediated signaling pathways. However, we do not have direct evidence of released parasite RNA/DNA triggering IFN-I responses yet. Early production of IFN-I by the MAR5 pathway helps control parasitemia in N67-infected mice (18, 50) , and here, we showed that spleen lysates from mice infected with N67 and N67C C-Y parasites contained higher levels of MDA5 on day 1 p.i. MDA5 recognition of parasite RNA may be the main pathway in the IFN-I response. In addition, the RNA-seq and GO term analyses suggest increased T-cell activation, including positive regulation of Th2 cell differentiation, and Ig isotype switching as early as day 4 p.i. in mice infected with Y741 parasites. These immune mechanisms may play a critical role in the decline of parasitemia at day 7 and the longer survival of mice infected with Y741 parasites than of those infected with C741 parasites. Together, our study shows that significant consequences in disease severity can occur with a single amino acid substitution in a pathogen genome and that PyEBL protein not only contributes to invasion of RBCs but can also affect host cell membrane structure and immunity. The discovery provides a paradigm shift in our understanding of PyEBL function and host-pathogen interaction during malarial-parasite infection.
MATERIALS AND METHODS
Ethics statement. All animal procedures for this study were performed in accordance with the protocol approved (approval number LMVR11E) by the Institutional Animal Care and Use Committee (IACUC) at the National Institute of Allergy and Infectious Diseases (NIAID) following the guidelines of the Public Health Service Policy on Humane Care and Use of Laboratory Animals and AAALAC. All mice were maintained under pathogen-free conditions. Parasites, mice, and infection of mice. N67 and N67C parasites and the procedures for infecting mice with the parasites were as described previously (17, 19) . Parasites were thawed from frozen stocks and injected into naive C57BL/6 mice to initiate infection. An inoculum containing 10 6 iRBCs from the donor mice, suspended in 100 l phosphate-buffered saline (PBS), pH 7.4, was injected intravenously into experimental mice (n ϭ 3 to 6 mice per clone or strain). Inbred female C57BL/6 mice, aged 6 to 8 weeks old, were obtained from Charles River Laboratory, Jackson Laboratory, or NIAID/Taconic Repository, NIH. Parasitemia was monitored by microscopic examination of Giemsa-stained thin tail blood smears. Additional methods can be found in the supplemental materials (51) (52) (53) .
Data availability. RNA-seq data were deposited in GenBank under GEO Series accession number GSE132796.
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